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A major approach to the study of development is to compare the phenotypes of normal and mutant individuals for a given
genetic locus. Understanding the development of a complex metazoan therefore requires examination of many mutants.
Relatively few organisms are being studied this way, and zebrafish is currently the best example of a vertebrate for which
large-scale mutagenesis screens have successfully been carried out. The number of genes mutated in zebrafish that have
been cloned expands rapidly, bringing new insights into a number of developmental pathways operating in vertebrates. Here,
we discuss work on zebrafish mutants affecting gastrulation and patterning of the early embryo. Gastrulation is orchestrated
by the dorsal organizer, which forms in a region where maternally derived b-catenin signaling is active. Mutation in the
ygotic homeobox gene bozozok disrupts the organizer genetic program and leads to severe axial deficiencies, indicating that
his gene is a functional target of b-catenin signaling. Once established, the organizer releases inhibitors of ventralizing
signals, such as BMPs, and promotes dorsoanterior fates within all germ layers. In zebrafish, several mutations affecting
dorsal–ventral (D/V) patterning inactivate genes functioning in the BMP pathway, stressing the central role of this pathway
in the gastrula embryo. Cells derived from the organizer differentiate into several axial structures, such as notochord and
prechordal mesoderm, which are thought to induce various fates in adjacent tissues, such as the floor plate, after the
completion of gastrulation. Studies with mutants in nodal-related genes, in one-eyed pinhead, which is required for nodal
signaling, and in the Notch pathway reveal that midline cell fate specification is, in fact, initiated during gastrulation.
Furthermore, the organizer coordinates morphogenetic movements, and zebrafish mutants in T-box mesoderm-specific
genes help clarify the mechanism of convergence movements required for the formation of axial and paraxial
mesoderm. © 1999 Academic Press
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During the last decade, the zebrafish (Danio rerio) has
emerged as one of the best models to study vertebrate
development. Efficient mutagenesis, combined with small
size, high fecundity, external fertilization, and optical clar-
ity, has made the zebrafish a powerful complement to other
vertebrate models and has motivated large genetic screens.
While it is clear that zebrafish mutants will prove invalu-
able for the study of organogenesis and disease modeling,
they also are helpful in understanding the earliest events of
embryonic development (Solnica-Krezel, 1999).
Gastrulation, which establishes the embryonic germ lay-
ers, ectoderm, mesoderm, and endoderm, is the first major
morphogenetic process and as such has attracted the atten-c
o
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All rights of reproduction in any form reserved.ion of several generations of embryologists. In amphibians
nd in zebrafish, gastrulation starts a few hours after
ertilization and lasts only a few hours. During this short
eriod of time, an impressive series of events needs to be
oordinated, leading to the correct spatial positioning of the
hree germ layers along the body axis and their patterning
y localized and often reciprocal inductions. The Spemann
rganizer (also called the dorsal organizer or gastrula orga-
izer), a relatively small dorsal region of the gastrula,
oordinates these complex events.
In amphibians, grafting an early gastrula dorsal blastopore
ip, where the Spemann organizer forms, into the ventral
egion of a host embryo leads to the development of a
econdary body axis (reviewed in Lemaire and Kodjaba-
hian, 1996; Harland and Gerhart, 1997). The ectopic axis
ontains a complete and perfectly patterned set of embry-
nic tissues and organs, suggesting that the organizer can
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232 Kodjabachian, Dawid, and Toyamainfluence most, if not all, cells within the embryo at the
blastula and gastrula stages. The formation of the organizer
is dependent on the process of cortical rotation, which
involves the microtubule-based transport of as yet uniden-
tified maternal dorsal determinants from the vegetal pole
toward the future dorsal side of the embryo, soon after
fertilization (reviewed in Moon and Kimelman, 1998).
Physical or chemical treatments preventing microtubule
polymerization at the one-cell stage lead to complete loss of
dorsoanterior structures (reviewed in Harland and Gerhart,
1997; Moon and Kimelman, 1998). The main consequence
of the cortical rotation appears to be the translocation to
dorsal nuclei of the maternal protein b-catenin, which then
activates the transcription of zygotic genes responsible for
turning on the organizer genetic program (reviewed in
Lemaire and Kodjabachian, 1996; Harland and Gerhart,
1997; Moon and Kimelman, 1998).
The Spemann organizer orchestrates gastrulation and
patterning through at least three types of activities: (1) by
releasing secreted agents able to change the fate of adjacent
cells, (2) by self-differentiating to axial structures such as
notochord and prechordal mesoderm, and (3) by regulating
morphogenetic processes, such as convergence and exten-
sion, which guide the spatial placement and orientation of
distinct primordia (reviewed in Harland and Gerhart, 1997).
However, the organizer does not influence all aspects of
gastrulation, as Xenopus embryos lacking a functional
organizer succeed in internalizing mesoderm and endoderm
(Scharf and Gerhart, 1983).
Much of our understanding of the cellular and molecular
aspects of organizer ontogeny and activity comes from
studies in Xenopus. Mutations in the zebrafish now con-
firm the role of several molecular pathways implicated in
organizer formation and functioning and have revealed
novel aspects in these pathways and their developmental
roles. In this review, we discuss these studies which shed
light on several events taking place during gastrulation in
vertebrates.
A. FORMATION OF THE ORGANIZER:
THE CASE OF BOZOZOK
In the zebrafish, organizer activity coincides with the
shield, a region on the dorsal side of the embryo that is
visible as a thickening of the marginal zone or germ ring
(reviewed in Schier and Talbot, 1998; Solnica-Krezel, 1999).
Ablation of the shield at the early gastrula stage provokes
loss of dorsoanterior structures, suggesting that the genetic
determinants of axis formation are concentrated in this
region (Shih and Fraser, 1996). Conversely, transplantation
of the shield into ventral regions of the embryo leads to
ectopic axis formation (Shih and Fraser, 1996; Driever et al.,
997; Koshida et al., 1998). Similar to frog, the zebrafish
organizer forms where the maternal protein b-catenin en-
ters embryonic nuclei (reviewed in Schier and Talbot,
1998). In Xenopus, the best characterized target of b-catenin a
Copyright © 1999 by Academic Press. All rights the paired-like transcription factor Siamois (reviewed in
oon and Kimelman, 1998). Recent studies have shown
hat in zebrafish a gene of the same family, dharma/
ieuwkoid, may also encode an important mediator of
b-catenin function (Yamanaka et al., 1998; Koos et al.,
998).
Both Siamois and dharma can induce the formation of an
ctopic body axis upon overexpression in Xenopus and
ebrafish, respectively (Lemaire et al., 1995; Yamanaka et
l., 1998; Koos et al., 1998). While the use of a dominant-
egative construct suggested an essential role for the Siam-
is family of genes in Xenopus (Fan and Sokol, 1997;
Kessler, 1997; Darras et al., 1997), its definitive implication
in organizer establishment awaits genetic inactivation.
This stage has now been reached for the zebrafish gene
dharma as a recent paper shows that this gene is mutated in
bozozok, a mutant with severe axial deficiencies (Fekany et
al., 1999).
bozozok Is Involved in Organizer Formation
bozozok is a zygotic recessive mutant which shows poor
development of notochord, prechordal mesoderm, and fore-
brain and exhibits cyclopia and deficiencies in ventral
regions of the central nervous system (CNS) (Solnica-Krezel
et al., 1996; Driever et al., 1997; Fekany et al., 1999).
Fekany and co-workers have shown that the phenotypic
consequences of the lack of bozozok function are readily
visible by the onset of gastrulation, as the expression of
several organizer genes is strongly reduced or eliminated at
late blastula stages and the shield does not form in mutant
embryos. These results suggested that bozozok acts at
blastula stages to mediate organizer formation in response
to b-catenin signaling. Treatment of bozozok mutant em-
bryos with LiCl, which activates b-catenin signaling, or
njection of b-catenin mRNA into bozozok embryos failed
to rescue the mutant phenotype, even though ectopic
b-catenin protein was detected in nuclei, as expected (Fe-
kany et al., 1999). This indicated that bozozok acts down-
stream of b-catenin in organizer formation. It is important
to note, however, that bozozok mutant embryos do develop
some dorsal tissues such as somites and a neural tube, and
injection of b-catenin mRNA into bozozok embryos can
induce secondary axes containing somites but no notochord
(Fekany et al., 1999). Thus, bozozok/dharma is essential for
only a portion of organizer functions, and it seems likely
that additional genes downstream of b-catenin signaling
initiate somitic and neural development.
bozozok and the Concept of the Nieuwkoop Center
The expression pattern of bozozok is consistent with its
role in mediating b-catenin activity, as it is first detected
soon after the midblastula transition (MBT) in dorsal blas-
tomeres and then in the dorsal Yolk Syncitial Layer (YSL)
(Yamanaka et al., 1998; Koos et al., 1998; Fig. 1). The YSL is
n extraembryonic territory derived from deep marginal
s of reproduction in any form reserved.
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233Gastrulation in Zebrafishblastoderm cells which collapse and release their nuclei
into the underlying yolk cell at the midblastula stage
(Kimmel and Law, 1985). Transplantation experiments after
the MBT have revealed that the yolk cell and the YSL can
induce mesoderm and organizer gene expression in the
blastoderm (Mizuno et al., 1996; Long, 1983). The dorsal
SL has therefore been compared to the Xenopus Nieuw-
oop center, a group of cells located in the dorsal–vegetal
egion of the blastula, which is thought to induce the
pemann organizer in the marginal zone in a non-cell-
utonomous manner (reviewed in Harland and Gerhart,
997; but see Kodjabachian and Lemaire, 1998).
In Xenopus, the Nieuwkoop center has been defined by
ts ability to induce body axis duplication upon transplan-
ation into the ventral region of early embryos, without
aking part in forming ectopic axial structures, while the
ransplanted gastrula organizer differentiates axial struc-
ures in similar experiments (reviewed in Harland and
erhart, 1997; see Section B-2). These experiments simply
emonstrate that the Nieuwkoop center emits secreted
gents capable of triggering dorsoanterior development. It is
nknown, however, whether these agents are distinct or act
ifferently from the molecules secreted by the Spemann
rganizer itself. Moreover, the territory defined as the
ieuwkoop center develops into foregut, liver, and pan-
reas and thus might be regarded as a subdomain of the
orsal organizer responsible for anterior–posterior pattern-
ng in the endoderm. Thus, it appears that the differences
etween the Nieuwkoop center and the Spemann organizer
ie in their respective fates and period of competence, not
ecessarily in their inductive properties.
If the dorsal YSL in zebrafish or the Nieuwkoop center in
enopus are required to induce the gastrula organizer, their
blation should prevent all aspects of dorsal development.
his experiment awaits execution in zebrafish, as it is
elicate to carry out without damaging marginal blas-
omeres. In Xenopus, analogous experiments have been
erformed at the 32-cell stage and showed that the vegetal-
ost blastomeres, from which the Nieuwkoop center is
erived, are not required for dorsal development (Gimlich,
986; Kageura, 1995). In fact, combined ablation experi-
ents revealed that all dorsal blastomeres may share a
ommon dorsalizing potential and can act redundantly to
pecify dorsal development (Kageura, 1995). This view is in
greement with the fact that at the 32-cell stage, b-catenin
is detected in nuclei within a large dorsal region including
vegetal, marginal, and animal blastomeres (reviewed in
Moon and Kimelman, 1998). Likewise, zebrafish b-catenin
s found in nuclei in the blastoderm as well as in the YSL
Schneider et al., 1996; Fig. 1). Thus, there is no definitive
vidence for the existence in frog or fish of a separate
ignaling center, the Nieuwkoop center, that would be
equired for the induction of the dorsal organizer. It might
herefore be more meaningful to envision the dorsal YSL as
particular domain of the organizer that is active at early
tages of development. Distinct regions of the embryo, d
Copyright © 1999 by Academic Press. All righthich do not express bozozok, would then provide addi-
ional organizer activities.
bozozok and the Head Organizer
As described above, bozozok is necessary for some
aspects of trunk axial development, which demonstrates
its essential role in the trunk organizer. Interestingly, the
most severely affected bozozok mutant embryos also
show loss of anterior brain, as revealed by morphological
examination and the lack of expression of the forebrain
markers sek1 and emx1 (Driever et al., 1997; Fekany et
l., 1999). These results suggest that bozozok may act in
he head organizer as well. This possibility is important
n the context of the current active search for embryonic
omains and molecules responsible for head development
n different vertebrates.
Recent evidence suggests that in the mouse, head
rganizer function depends on the anterior visceral
ndoderm (AVE), an extraembryonic tissue found in close
ontact with the anterior embryonic ectoderm before
astrulation (reviewed in Beddington and Robertson,
998, 1999). The AVE has been shown both to be required
or expression of Hesx1, an early anterior neurectoderm
arker (Thomas et al., 1996), and to be sufficient to
nduce expression of the same marker upon heterotopic
rafting of rabbit AVE into chick epiblast (Knoetgen et
l., 1999). Several organizer genes are expressed in the
VE before gastrulation, including the transcription fac-
ors lim1 (Lhx1), otx2, and goosecoid and the secreted
olecules mcerberus-like and nodal. These genes are
lso expressed in axial mesendoderm at gastrulation.
owever, experiments with chimeric mice revealed that
t is the expression of otx2 and nodal within the AVE, not
he later axial expression, which is required in order to
nitiate normal anterior patterning in the CNS (reviewed
n Beddington and Robertson, 1998, 1999).
Given that the AVE is extraembryonic, it is natural to ask
hether the zebrafish head organizer likewise is localized
n the YSL. Ablation of the embryonic shield does not
revent anterior brain development (Shih and Fraser, 1996),
uggesting that head induction has taken place by the time
he shield is discernible and/or that the shield can regener-
te. Consistent with the first idea, extirpation of the pro-
pective shield region at late blastula stage, assessed by the
ack of organizer gene expression and presumably without
amaging the YSL, prevents activation of opl, a forebrain
arker (Grinblat et al., 1998). Alternatively, the lack of
ffect of shield ablation on anterior development may
uggest that head organizer activities are also present out-
ide the shield region. These views are not mutually exclu-
ive, and it is possible that the dorsal YSL and the dorsal
lastoderm margin both have a role in head induction in
ebrafish.
bozozok mRNA is expressed in the YSL before but not
uring gastrulation, and the head organizer gene lim1 is no
s of reproduction in any form reserved.
234 Kodjabachian, Dawid, and ToyamaCopyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
m
fi
u
b
s
T
k
b
t
r
P
a
S
(
t
1
(
b
O
m
b
d
w
T
p
A
c
r
n
e
e
235Gastrulation in Zebrafishlonger expressed in bozozok mutant embryos (Fekany et al.,
1999). Importantly, a member of the nodal family, which is
mutated in squint, is expressed in the dorsal YSL and can
induce organizer gene expression from the YSL (Feldman et
al., 1998; Erter et al., 1998). Moreover, normal expression of
squint is dependent on bozozok activity and expression of
mouse nodal can rescue the axial mesoderm deficiencies in
bozozok mutant embryos (Fekany et al., 1999). It will be
important to determine if squint can rescue forebrain
development in bozozok embryos when expressed in the
YSL only, in keeping with the activity of nodal in the
mouse AVE. The observations discussed above suggest that
bozozok functions at very early stages in the head organizer
and provide the exciting possibility that a bozozok/dharma
ortholog could assume a similar function in extraembry-
onic tissues of mammalian embryos.
B. THE THREE FUNCTIONS OF THE
ORGANIZER DURING GASTRULATION
1. The Organizer Emits Inhibitors of Ventral
Signals: The Case of the BMP Pathway
During gastrulation, the organizer induces dorsal fates
within mesoderm, anterior fates within endoderm, and
neural fates within ectoderm. Intriguingly, the organizer
seems to cause these events primarily by opposing morpho-
genetic activities emanating from the ventral–lateral re-
gions of the embryo (reviewed in Harland and Gerhart,
1997). Studies in Xenopus have revealed the existence of
molecular pathways, specifically the BMP and Wnt path-
ways, which specify ventral and lateral regions of the
embryo (reviewed in Harland and Gerhart, 1997). The BMP
pathway is remarkable in that its role in dorsal–ventral
patterning of the gastrula embryo has been highly con-
served during evolution between Drosophila and verte-
brates (reviewed in Holley and Ferguson, 1997).
FIG. 1. A model for signaling centers and BMP activity in the early
the bmp2b (swirl) gene is expressed ubiquitously (pink). The YSL
(YSL nuclei shown as black dots). Soon after the MBT, b-catenin is
red dots), and the dharma gene is expressed in the same domains (l
lastoderm. (b) During late blastula stages, BMP2b maintains it
rganizer activities, which may include antagonism by Chordin
essage in a small dorsal quadrant. This phase leads to the establis
eginning of gastrulation, Chordino, expressed in the organizer,
ifferences in BMP signaling along the D/V axis. bmp2b gene expre
hile autoregulation of chordino is achieved by inhibition of BMP
he mesendoderm develops in the germ ring (region below the dash
lane of the epiblast (red arrow), and posteriorizing signals emanat
/P patterning signals are likely emitted before the shield become
ell types within mesoderm and ectoderm. bmp2b gene expression
eplace Smad5. The BMP/Chordino antagonism and the double-fee
eural and nonneural ectoderm act to induce and maintain anterior
xpression of bmps visible in a small domain of the embryonic shield
mbryo is not fully understood.
Copyright © 1999 by Academic Press. All rightBMPs are members of the TGF-b superfamily, and nu-
erous components active in this pathway are now identi-
ed. BMPs are produced as precursors which dimerize and
ndergo proteolytic cleavage before they are secreted and
ecome biologically active (Cui et al., 1998). BMPs can
ignal as homodimers or heterodimers (Nishimatsu and
homsen, 1997), through heteromeric serine/threonine
inase receptors. Within the cell, the signal is transduced
y Smad1, Smad5, and Smad8, which are phosphorylated by
he receptor complex and then associate with Smad4 to
egulate gene expression in the nucleus (reviewed in
adgett et al., 1998). A negative feedback loop seems to be
t work within the recipient cells as certain BMP-inducible
mads can antagonize the transduction of the BMP signal
reviewed in Padgett et al., 1998). BMP signaling is also
opposed outside the cell by antagonists produced by the
organizer, including Chordin, Noggin, Follistatin, and Cer-
berus, all of which are able to bind BMPs and block
activation of their receptors (Piccolo et al., 1996; Zimmer-
man et al., 1996; Iemura et al., 1998; Piccolo et al., 1999).
Another level of regulation of this pathway is achieved
through the proteolytic activity of the metalloprotease
Tolloid which cleaves Chordin and in turn releases the
BMP signal (Piccolo et al., 1997; Blader et al., 1997).
The BMP pathway in zebrafish: Support for the morpho-
gen model. Mutagenesis in zebrafish generated six mu-
tants showing variable degrees of dorsalization, swirl, snail-
house (snh), somitabun (sbn), mini fin, lost-a-fin, and
piggytail (Mullins et al., 1996), and three ventralized mu-
ants, dino, mercedes, and ogon (Hammerschmidt et al.,
996a; Solnica-Krezel et al., 1996). swirl is mutant in
bmp2b (Kishimoto et al., 1997; Nguyen et al., 1998a), sbn is
mutant in smad5 (Hild et al., 1999), mini fin is mutant in
tolloid (Connors et al., 1999), and dino is mutant in chordin
and has been renamed chordino (Schulte-Merker et al.,
1997; Fisher et al., 1997; Miller-Bertoglio et al., 1998). swirl,
snh, and sbn mutants can be rescued to different extents by
rafish embryo. (a) At the early blastula stage (4 h after fertilization),
s mesendoderm-inductive signals (blue arrows) to the blastoderm
slocated into nuclei of the dorsal YSL and then dorsal blastoderm
lue). Note that dharma message subsequently disappears from the
n expression via Smad5 in ventrolateral regions of the embryo.
or transcriptional repression, lead to decreased levels of bmp2b
t and progressive refinement of a BMP activity gradient. (c) At the
ks BMP2b activity and a double-feedback loop amplifies slight
is controlled under a positive feedback loop dependent on Smad5,
ls that normally act as negative regulators of chordino expression.
ne). The organizer emits neural inducing signals acting within the
the lateral marginal region (green arrows). Neural induction and
arent. (d) During gastrulation, the BMP gradient induces different
longer regulated through Smad5; Smad1 or unknown gene(s) could
k loops are still active. Signals produced at the boundary between
tities in the neural plate. Please note that for the sake of simplicity,zeb
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idenis not represented in this figure, as their role in this region of the
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236 Kodjabachian, Dawid, and Toyamainjection of mRNA encoding zebrafish BMP4, BMP2b, an
activated BMP type I receptor, or Smad1, suggesting that
these mutations affect genes acting in a BMP pathway
(Nguyen et al., 1998a). Interestingly, Xenopus BMP7 can
very efficiently rescue snh but not sbn, raising the possibil-
ity that snh could function in a BMP7 pathway required for
D/V patterning in the gastrula, in parallel to the BMP2b
pathway (Nguyen et al., 1998a). This possibility is attrac-
tive as in Drosophila, the BMP7 homolog Screw and an-
other BMP family member Gbb-60A, have been shown to
synergize with Dpp, a BMP2/BMP4 homolog, to regulate
growth and patterning in wing imaginal discs (Nguyen et
al., 1998b; Neul and Ferguson, 1998; Chen et al., 1998;
Khalsa et al., 1998; Haerry et al., 1998).
In Xenopus, it has been proposed that graded BMP activ-
ity confers positional values along the D/V axis to both
mesoderm and ectoderm cells. This morphogenetic activity
of BMPs could be established via an inhibitory gradient set
up by Chordin and other secreted BMP antagonists (Dosch
et al., 1997; Jones and Smith, 1998). Thus, in current
models, high BMP activity or low BMP antagonism induces
blood in mesoderm and epidermis in ectoderm, intermedi-
ate BMP activity or intermediate BMP antagonism induces
lateral plate mesoderm (heart, kidney) and neural crest in
ectoderm, and low BMP activity or high BMP antagonism
induces somites and notochord in mesoderm and neural
plate in ectoderm. This view is confirmed by phenotypic
analyses of dorsalized and ventralized zebrafish mutants.
Dorsalized mutants exhibit expansion of dorsolateral me-
soderm at the expense of ventral mesodermal derivatives, as
well as expansion of presumptive neural tissue at the
expense of epidermal precursors (Mullins et al., 1996;
Kishimoto et al., 1997; Nguyen et al., 1998a). Conversely,
the ventralized mutant chordino shows reduction of dorsal
derivatives such as somitic mesoderm and neurectoderm,
together with expansion of ventral mesoderm and epider-
mis (Hammerschmidt et al., 1996a; Fisher et al., 1997).
In the morphogen model, the steepness of the BMP
gradient of activity directly influences the position and size
of the fields of different cell types induced along the D/V
axis. A steep gradient allows the generation of numerous
cell types, while a shallow gradient will induce fewer cell
types. Nguyen and colleagues (1998a) tested this idea by
looking in dorsalized mutants at the neural crest, an inter-
mediate ectodermal fate, which therefore is susceptible of
being expanded, suppressed, or remain unmodified. They
showed that the neural crest domain is weakly expanded in
mildly dorsalized snh mutants, greatly expanded in more
strongly dorsalized sbn mutants, and totally suppressed in
strongly dorsalized swirl mutants. These observations fully
gree with a model in which the graded activity of BMP
atterns the vertebrate embryo along its dorsoventral axis.
n contrast, a recent study suggested that BMP2b acts
ell-autonomously in patterning the zebrafish ectoderm
Nikaido et al., 1999). These authors showed that cells
njected with RNA encoding an activated BMP receptor and
ransplanted into nonepidermal ectoderm expressed BMP
p
B
Copyright © 1999 by Academic Press. All rightarget genes, including bmp2b itself (see below), but could
ot activate the same targets in neighboring host cells.
owever, this apparent lack of nonautonomous induction
y BMP2b could be due to biases in the experiment: (i)
bsence of cofactors in the transplanted region, such as
dditional BMPs, essential for paracrine signaling to occur
see above discussion on Drosophila Dpp pathway); (ii)
rapping of BMP2b protein in injected cells as they express
igh levels of BMP receptor; and (iii) distribution of BMP
eceptors in host cells incompatible with signaling (Lecuit
t al., 1998). Alternatively, it may also reveal a community
ffect whereby BMP concentration needs to reach a thresh-
ld concentration for nonautonomous signaling to become
easurable.
BMP autoregulation in zebrafish. As discussed above,
MP signals are believed to initiate complex genetic pro-
rams in all germ layers during gastrulation. One of the
ost important BMP2b targets appears to be the bmp2b
ene itself. While initiation of its expression is not affected
n swirl or any other dorsalized mutant, bmp2b is required
o maintain its own expression in ventral–lateral territories
uring gastrulation (Kishimoto et al., 1997; Nguyen et al.,
998). Likewise, bmp2b expression is initiated normally
ut then expanded during gastrulation in chordino mutant
mbryos (Schulte-Merker et al., 1997). Consistently,
hordino expression is not maintained in the chordino
utant and is expanded in swirl and other dorsalized
utants during gastrulation (Schulte-Merker et al., 1997;
iller-Bertoglio et al., 1997). These results reveal that
ntagonism at the level of the proteins between BMP and
hordin is potentiated by a double feedback loop, presum-
bly operating via autoregulation of bmp2b and repression
f chordino expression by BMP2b (Fig. 1). As Chordin likely
cts as a diffusible protein (see Ashe and Levine, 1999),
hese feedback loops can help refine the BMP activity
radient along the D/V axis. The exact shape of the gradient
ill also depend on the spatial and temporal activity of the
rotease Tolloid which modulates Chordin antagonism to
MP (Connors et al., 1999).
bmp2b expression is initiated but not maintained in sbn
utant embryos, demonstrating that BMP2b is taking a
onventional Smad route to regulate its own expression
Hild et al., 1999). Hild and colleagues then used different
eans to rescue sbn embryos, which allowed them to study
he temporal aspects of bmp2b autoregulation. They con-
luded that D/V patterning in zebrafish can be dissected
nto at least three sequential phases (Fig. 1). Soon after
BT, bmp2b expression is initiated uniformly in the blas-
oderm, independently of BMP activity, in response to as
et unidentified maternal signals. During blastula stages,
mp2b expression is maintained in ventral–lateral regions
ia BMP signals transduced by Smad5. Organizer factors,
robably including Chordin, clear the dorsal-most region of
he embryo of bmp2b message. During these 2 h the BMP
radient is initiated and partially refined. During the third
hase, which starts with the onset of gastrulation, graded
MP activity induces different cell fates along the D/V axis.
s of reproduction in any form reserved.
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237Gastrulation in ZebrafishThe antagonism as well as the double feedback loops
between BMP and Chordin are still active, but bmp2b no
longer uses Smad5 to maintain its own expression. Smad1
may substitute for Smad5, as its expression starts at early
gastrulation (Hild et al., 1999).
It is important to note that swirl/chordino double
utants show a swirl dorsalized phenotype, suggesting
hat Chordin protein is required only to antagonize
MP2b signals and/or that additional ventralizing path-
ays depend on the integrity of the BMP2b pathway
IG. 2. A model for midline fates specification. (a) In an earlier v
uring gastrulation. Subsequent to gastrulation, the notochord (no,
uch as floor plate (fp, yellow) in neurectoderm (nt, light yellow) an
reen). (b) In a revised view based on recent results in zebrafish and
common region within the organizer. Cell–cell interactions in
athways, initiate midline fates specification during gastrulation. A
re required for differentiation of distinct midline cell types. This vi
idline fates after completion of gastrulation. Please note that the s
xpression patterns but is a simplified representation of multiple cHammerschmidt et al., 1996b). In addition, chordino
mutants are not totally ventralized as notochord, and
w
z
Copyright © 1999 by Academic Press. All rightubstantial amounts of neural tissue and somites can
orm in these embryos (Hammerschmidt et al., 1996a;
isher et al., 1997). This observation likely reveals the
xistence of additional BMP inhibitors functioning in
artial redundancy with Chordin. This is consistent with
he fact that a second ventralized mutant, ogon, lacks
hordino expression, indicating that BMP signaling is
yperactive in this mutant (Miller-Bertoglio et al., 1997).
t will be interesting to identify the gene mutated in ogon
s noggin and follistatin, two candidates suggested by
only chordal/prechordal fates are established within the organizer
n) sends signals to adjacent tissues to induce additional cell types
ochord (hp, blue) in gut endoderm (light blue) (som, somites, light
, notochord, floor plate, and hypochord cell progenitors arise from
shield, involving Nodal and Notch signaling and possibly other
ompletion of gastrulation, the notochord is a source of signals that
oes not rule out a role for notochord or other tissues in influencing
l organization of midline cells at gastrulation does not reflect gene
pe progenitors.F iew,
d gree
s d hyp
g chick
a the
p fter c
a ew dork in Xenopus, are not expressed during gastrulation in
ebrafish (Bauer et al., 1998).
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238 Kodjabachian, Dawid, and Toyama2. The Organizer Differentiates Axial Structures
The organizer not only induces new fates in adjacent
tissues but also gives rise to axial structures such as
notochord and prechordal plate. Blockage of BMP activity is
a prerequisite for the differentiation of midline structures,
as BMP overexpression prevents development of notochord
and prechordal mesoderm. In the absence of BMP signals,
genes initiating the differentiation program of midline cells
are expressed. Very little is known however, as to when,
where, and how this program is switched on. A number of
zebrafish mutants are now helping to put the pieces of the
puzzle together.
Notochord and prechordal plate differentiation: The
case of floating head and one-eyed pinhead. The noto-
hord is a transient embryonic structure found throughout
he chordate phylum. It is a mesodermal derivative, which
orms at the dorsal midline, and signals to the neighboring
eural plate, somitic mesoderm, and dorsal endoderm (see
ig. 2). The homeobox gene floating head is specifically
xpressed in notochord precursors by the onset of gastrula-
ion and is required for notochord development (Talbot et
l., 1995). In addition, overexpression of its Xenopus homo-
ogue Xnot leads to increased notochord differentiation
Gont et al., 1996). floating head seems to act primarily by
romoting notochord fates and repressing somitic fates, as
uscle forms in place of notochord in mutant embryos
Amacher and Kimmel, 1998 and references therein; Fig. 3).
ittle is known about the regulation of this gene, although
t clearly constitutes one of the earliest markers of noto-
hord cells.
In contrast to floating head, one-eyed pinhead (oep)
utant embryos develop a notochord but fail to form the
rechordal plate (Schier et al., 1997; Stra¨hle et al., 1997;
ammerschmidt et al., 1996c). In addition, oep mutants
how abnormal endoderm development, are cyclopic, and
xhibit deficiencies in ventral aspects of the CNS. The oep
ene encodes a novel member of the EGF-CFC family,
haracterized by a single EGF-like repeat and a cysteine-
ich domain of unknown function, called the CFC domain
Zhang et al., 1998); four members of the EGF-CFC family
ave been described in vertebrates (reviewed in Schier and
albot, 1998). Biochemical studies showed that Oep protein
s attached to the membrane via a carboxy-terminal hydro-
hobic domain, facing the outside of the cell (Zhang et al.,
998). Interestingly, molecular and biochemical analyses of
ne of the oep mutant alleles revealed that its product lacks
he putative membrane binding domain and is therefore
ecreted (Zhang et al., 1998). Consistent with the require-
ent for localization of Oep protein at the cell surface,
enetic mosaics analyses showed that oep is required cell-
utonomously in the prechordal plate (Schier et al., 1997;
tra¨hle et al., 1997).
Cyclopia is due to lack of midline signaling in the
orebrain region. Cyclopia arises both in humans and mice
ith mutations in the secreted factor Sonic hedgehog (Shh)
Belloni et al., 1996; Roessler et al., 1996; Chiang, et al.,
Copyright © 1999 by Academic Press. All right996). Consistently, shh is no longer expressed in the
rechordal plate of oep mutants, suggesting that midline
ignaling does not take place in absence of oep function
Schier et al., 1997). Analysis of the prechordal plate marker
oosecoid in oep mutants showed that oep function in this
egion is required as early as the onset of gastrulation
Schier et al., 1997). Similarly, oep is necessary during
astrulation for endoderm differentiation (Schier et al.,
997). In agreement with this early requirement, oep is
xpressed maternally and at high levels in the margin and in
broad dorsal domain of the gastrula (Zhang et al., 1998).
Axial mesoderm and floor plate differentiation: The case
f cyclops/squint and their relationship with oep. The
otochord signals to neighboring tissues after completion of
astrulation and has been proposed to induce the floor plate
n the ventral midline of the neural plate during neurula-
ion (reviewed in Dodd et al., 1998). This particular cell
ype is then responsible for induction of motor neurons and
nterneurons in ventral–lateral regions of the neural plate.
hese sequential induction events are thought to be depen-
ent on Shh activity, as shh mutant mice lack floor plate
nd motor neurons (reviewed in Dodd et al., 1998). How-
ver, it should be emphasized that in the shh mutant,
NF3b is initially expressed in the floor plate but is
subsequently down-regulated, suggesting that initial speci-
fication of floor plate may occur in the absence of shh (see
Dodd et al., 1998). In zebrafish, mutation in shh does not
abolish the medial floor plate nor does it lead to cyclopia
(Schauerte et al., 1998). However, two additional hedgehog
genes are expressed in an overlapping pattern with shh and
could compensate for lack of the latter. In contrast, several
other mutations prevent floor plate specification at early
stages of zebrafish development, without affecting noto-
chord differentiation, challenging the model summarized
above.
Similar to oep, cyclops (cyc) mutants exhibit a reduced
prechordal plate, resulting in fused eyes, as well as deficien-
cies in ventral brain and floor plate development, despite
normal notochord differentiation (Thisse et al., 1994; Hatta
et al., 1991). The cyc gene has been cloned and shown to
encode a member of the TGF-b superfamily of the nodal
subclass (Rebagliati et al., 1998a; Sampath et al., 1998).
nterestingly, cyc mRNA is not expressed in the floor plate
r ventral diencephalon by the time the mutant phenotype
ecomes evident (Rebagliati et al., 1998a,b; Sampath et al.,
998), but rather is expressed initially in the involuting
orsal hypoblast at the beginning of gastrulation. As gastru-
ation proceeds, cyc expression is detected predominantly
n the prechordal plate and presumptive ventral forebrain
nd is down-regulated in the posterior notochord; by early
omitogenesis, cyc message is no longer detectable (Re-
bagliati et al., 1998a,b; Sampath et al., 1998). Unlike oep,
which seems to encode a permissive signal, as it does not
alter cell fates upon overexpression (Zhang et al., 1998),
injection of cyc mRNA induces body axis duplication in
zebrafish (Toyama et al., 1995; Rebagliati et al., 1998b;
Sampath et al., 1998).
s of reproduction in any form reserved.
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rescued by injecting a cyc expression construct or cyc
mRNA, as judged by the recovery of floor plate marker
expression (Rebagliati et al., 1998a; Sampath et al., 1998).
Importantly, restoration of the floor plate was observed
only when cyc-expressing cells were localized in prechordal
mesoderm (Sampath et al., 1998). The expression pattern
and inductive properties of cyc, as well as the rescue data,
support the idea that cyc is required during gastrulation for
specification of the ventral neural tube, and in particular are
consistent with the view that floor plate and notochord
precursors occupy a common region prior to gastrulation
(Catala et al., 1996; Melby et al., 1996; Teillet et al., 1998).
Further support for the early action of cyc in cell fate
specification comes from the finding that another nodal-
related factor, mutated in squint (sqt), cooperates with cyc
in maintaining the organizer program (Feldman et al.,
FIG. 3. Network of interactions between axial and paraxial cells.
During gastrulation, the T-box genes spt and ntl are expressed in
notochord and somitic precursors, respectively. ntl blocks spt
expression in notochord precursors via induction of flh, which in
turn represses spt; at the same time, spt represses ntl in somitic
recursors. spt positively regulates PAPC which is essential for
onvergence movements of somitic mesoderm. In notochord pre-
ursors, absence of spt allows expression of AXPC. This last
nteraction is still hypothetical in zebrafish as AXPC has not been
escribed to date in this animal. Hence, notochord and somitic
rogenitors sort out from each other via differential expression of
ell adhesion molecules. The arrows in this schematic drawing
epresent a network of interactions but do not imply direct regu-
ation.1998). Maternal sqt message is detected in cleavage em-
bryos and zygotic expression takes place soon after MBT in
Copyright © 1999 by Academic Press. All rightdorsal blastomeres and dorsal YSL. It is transiently but
strongly expressed at blastula stages in the germ ring, where
mesoderm and endoderm are induced, and it is restricted by
the onset of gastrulation to a group of noninvoluting cells in
the embryonic shield; sqt mRNA is absent after completion
of gastrulation (Feldman et al., 1998; Rebagliati et al.,
1998b). Importantly, sqt/cyc double mutants develop very
little mesendoderm, as only tail somites are apparent (Feld-
man et al., 1998). It is noteworthy that sqt/cyc double
mutant embryos are phenotypically comparable to nodal-
deficient mice, which also fail to form mesendoderm (Con-
lon et al., 1994; Zhou et al., 1994). A single nodal gene has
been reported in the mouse, and it is of interest that the cyc
and sqt genes, which may be the results of an extra
duplication in teleosts (Postlethwait et al., 1998), appear to
have taken on distinct but partly overlapping aspects of
nodal function in a kind of division of labor. Studying
mutations in zebrafish genes which underwent such
duplication/specialization may constitute a good alterna-
tive to generating mice with conditional gene inactivation
for dissecting complex functions of a single mammalian
gene.
A recent report has established a link between nodal
signaling and oep requirement in axial development (Grits-
man et al., 1999). These authors rescued mutant oep em-
bryos by injecting oep RNA and could raise fertile homozy-
gous females which they then mated to mutant males. This
allowed them to generate embryos lacking both maternal
and zygotic oep function, which turned out to exhibit more
severe axial deficiencies than zygotic oep mutants. This
elegant study reveals a clear case of maternal contribution
to embryonic development in vertebrates, a situation very
common for important patterning genes in Drosophila.
Strikingly, the mutant embryos derived from such crosses
look very much like cyc/sqt double mutants, which
prompted Schier and colleagues to examine the relation-
ships between these genes (Gritsman et al., 1999). They
showed that oep is strictly required for activity of cyc and
sqt in inducing organizer gene expression, while putative
downstream effectors of Nodal signaling, such as an acti-
vated type I activin receptor or Smad2, did not require oep.
These results suggest a model whereby Nodal signaling
depends on interaction between Nodal and Oep proteins at
the cell surface. In particular, this model explains why oep
misexpression does not provoke any visible phenotype in
wild-type embryos. Interestingly, the EGF-CFC family
members cripto from mouse and Xenopus FRL-1 could
rescue oep mutants, indicating that these proteins may
have similar biochemical properties in other vertebrates.
This work revealed the importance of the new EGF-CFC
family of proteins in mediating the activity of the Nodal
signaling molecules, a role not anticipated from studies in
other systems.
It is noteworthy that despite the lack of axial mesen-
doderm in cyc/sqt and in oep mutants, the neuraxis shows
largely normal anterior–posterior (A/P) patterning (Schier et
al., 1997; Gritsman et al., 1999). According to the two-step
s of reproduction in any form reserved.
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240 Kodjabachian, Dawid, and Toyamamodel of A/P patterning (reviewed in Sasai and De Robertis,
1997), the neural tissue is induced by the underlying axial
anterior mesendoderm (including prechordal plate) while it
migrates and is therefore of anterior character. The anterior
neurectoderm is in turn posteriorized by underlying poste-
rior axial mesoderm (notochord). Observations with mu-
tants described above are more compatible with the view
that neural induction and A/P polarity of the neuraxis in
zebrafish are largely dependent on prepatterning in the
ectoderm, as well as planar signals emanating from the
early organizer, nonaxial tissues, and the neurectoderm
itself (Grinblat et al., 1998; Koshida et al., 1998; Woo and
Fraser, 1997; Houart et al., 1998). Consistent with this
notion, the expression of the neural inducer chordino is
virtually unaffected in cyc/sqt or oep mutants at blastula
stages (Gritsman et al., 1999). The YSL could also partici-
pate in neural specification as suggested by the fact that
bozozok is normally expressed in these mutants (Gritsman
et al., 1999).
Hypochord, notochord, and floor plate: The case of
Notch and Delta. Beyond the involvement of nodal-
related genes, a recent report identified the Notch pathway
as being important in midline fate decisions during gastru-
lation (Appel et al., 1999). One of four zebrafish delta
homologues, deltaA (dlA), is expressed transiently and at
high levels in involuting cells starting at midgastrulation
and in cells flanking the midline during tail development
(Appel et al., 1999). Mutants in dlA show excess notochord
development at the expense of the floor plate and the
hypochord (Appel et al., 1999). In amphibians, the hypo-
chord is known as a rod-like structure which becomes
distinct from the dorsal-most region of the endodermal
epithelium at tailbud stages, coming to lie immediately
beneath the notochord (Lofberg and Collazo, 1997). The
precise function of the hypochord remains enigmatic, but it
has recently been assigned an important role in dorsal aorta
formation in Xenopus (Cleaver and Krieg, 1998). Another
mutant, mind bomb, thought to affect the Notch pathway,
shows the same midline defects as the dlA mutant (Appel et
l., 1999). Conversely, hyperactivation of the Notch path-
ay via injection of dlA mRNA leads to excess floor plate
nd hypochord development at the cost of notochord (Appel
t al., 1999). Similarly, mutation in no tail which limits
notochord development, is accompanied by excessive floor
plate differentiation (Halpern et al., 1997).
It seems, therefore, that Notch signaling influences im-
portant decisions for two different midline cell types in
zebrafish, floor plate and hypochord, starting at early stages
of development. Thus, genetic analysis in zebrafish of the
Nodal and Notch pathways, as well as embryological stud-
ies in chick (Teillet et al., 1998), help us present a substan-
tially revised model, whereby midline cell fate specification
is initiated as early as gastrulation, when midline precur-
sors are in close contact and can cross-talk. In this view,
signaling from the notochord occurring at later stages could
allow for terminal differentiation (Fig. 2). However, it
remains possible that midline cell fates can also be influ-
r
d
Copyright © 1999 by Academic Press. All rightenced by notochord signals at later stages of development.
Verification of this revised model awaits high-resolution
fate mapping of midline precursors and detailed compara-
tive analyses of gene expression patterns within the orga-
nizer.
3. Morphogenesis during Gastrulation: The Case
of T-Box Genes
Gastrula cells must engage in morphogenetic movements
to reach their final destination at the right time for differ-
entiation and patterning to occur. Most of our knowledge of
morphogenesis at gastrulation comes from embryology and
cell biology in amphibians (reviewed in Harland and Ger-
hart, 1997). Two major morphogenetic processes are influ-
enced by the organizer: (1) anteriorward migration of pre-
chordal plate cells, derived from the organizer itself, which
crawl as a coherent group beneath the ectoderm (Winkl-
bauer and Keller, 1996); and (2) convergence toward the
midline of posterior neural plate cells (hindbrain and spinal
cord) and trunk/tail dorsal mesoderm cells (notochord and
somites), a process which drives extension of the body axis
(Keller et al., 1992; Trinkaus et al., 1992). We will concen-
rate on this second type of morphogenetic movement.
Convergence and extension in dorsal mesoderm.
onvergence–extension is visible in trunk and tail, where
ndividual cells within several layers elongate and display
ipolar protrusive activities allowing them to sense neigh-
oring cells (Keller et al., 1992). Cells align parallel to each
ther, exert traction on each other, and interdigitate around
he midline in a sequential manner. Convergence–
xtension therefore requires extensive cell–cell interac-
ions and differential adhesive properties to ensure proper
orting of the different dorsal cell types.
At the molecular level, recent studies in Xenopus illus-
rate the involvement of Wnt signaling in convergence–
xtension within dorsal mesoderm (Moon et al., 1993;
okol, 1996; Deardoff et al., 1998). More clearly established,
owever, is the role of the FGF signaling pathway in
esoderm migration, which has been highly conserved
rom Drosophila to vertebrates (Gisselbrecht et al., 1996;
saacs et al., 1994). In Xenopus, the T-box gene Brachyury
XBra) is a preferred target of the FGF pathway during
esoderm formation and movement at gastrulation (Isaacs
t al., 1994). The zebrafish now enters the stage, as recent
tudies demonstrate the central role of T-box genes in
rchestrating convergence–extension movements in dorsal
esoderm.
No tail and spadetail promote axial and paraxial fates.
he T-box gene no tail (ntl) is a zebrafish homolog of
rachyury and is essential for notochord differentiation and
ail development (Schulte-Merker et al., 1994). However,
runk mesoderm is unaffected in ntl mutants, whereas FGF
ignaling is required throughout trunk and tail mesoderm
Griffin et al., 1995). Griffin and colleagues (1998) then
easoned that distinct T-box gene(s) might support trunk
evelopment, and proceeded to clone several members of
s of reproduction in any form reserved.
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241Gastrulation in Zebrafishthis family. This educated guess led them to identify a
T-box gene mutated in spadetail (spt), a locus required for
trunk somite development (Griffin et al., 1998; Kimmel et
l., 1989). Tbx6, another member of this family in zebrafish
Hug et al., 1997), is also playing a major role in paraxial
esoderm specification, as revealed by targeted inactiva-
ion of this gene in mouse (Chapman and Papaioannou,
998). spt expression is visible in the gastrula mesoderm
nd, as expected, depends on the integrity of FGF signaling
Griffin et al., 1998). In agreement with their respective
utant phenotypes, spt expression is independent of ntl
unction in trunk mesoderm, but critically depends on ntl
ctivity during tail development (Griffin et al., 1998). These
tudies provide a molecular handle to analyze the di-
hotomy between trunk and tail organizers, and further
emonstrate the essential role of T-box factors in meso-
erm development.
spadetail regulates morphogenesis via regulation of the
rotocadherin PAPC. spt is not only required for paraxial
esoderm specification, but also for convergence of primor-
ial trunk somitic cells toward the midline (Kimmel et al.,
989; Ho and Kane, 1990), which, as discussed above,
equires that cells interact and adhere selectively (see
olnica-Krezel, 1999). spt drives these events by regulating
he expression of Paraxial Protocadherin (PAPC)
Yamamoto et al., 1998), a member of a distinct group of
adherins which lack the internal b-catenin interaction
omain (reviewed in Suzuki, 1996). The patterns of PAPC
nd spt expression within paraxial mesoderm are indistin-
uishable, and PAPC expression in the trunk depends on spt
ctivity (Yamamoto et al., 1998). Importantly, a dominant-
egative PAPC construct inhibits convergence in paraxial
esoderm without blocking differentiation, demonstrating
hat these events can be uncoupled (Yamamoto et al., 1998).
spt is expressed ubiquitously in mesoderm in the early
astrula and is subsequently cleared from the presumptive
otochord region, suggesting that notochord fates may be
pposed by spt (Griffin et al., 1998). Consistent with this
dea, mutations in floating head lead to ectopic expression
f spt and PAPC in axial mesoderm (Yamamoto et al.,
998). It seems therefore that primordial notochord cells
ay sort from primordial paraxial mesoderm cells, via the
epression of spt and PAPC during gastrulation (Fig. 3). In
uch a model, these two groups of cells would exhibit
ifferential adhesive properties via differential expression of
APC.
The group of De Robertis followed up on this idea and
eports that in Xenopus, overexpression of PAPC efficiently
ediates homotypic sorting of ectodermal cells in a
issociation/reaggregation assay (Kim et al., 1998). Further-
ore, they identified another protocadherin, AXPC, specifi-
ally expressed in the forming notochord, and showed that
APC- and AXPC-expressing cells segregate from each
ther in their assay (Kim et al., 1998). Importantly, PAPC
riggers cell shape changes and promotes elongation in
ctoderm explants induced with low levels of activin,
imilar to what is seen in dorsal mesoderm explants (Kim et
c
a
Copyright © 1999 by Academic Press. All rightl., 1998). These results lend strong support to the idea that
orting between notochord and somitic cells is achieved by
elective adhesion, as implied by the classic Townes and
oltfreter studies (1955). This work illustrates how com-
lex interactions between regulatory genes in the organizer
an pattern the embryo via the tight control of factors that
xecute morphogenesis.
CONCLUDING REMARKS
Molecular embryology in vertebrates, particularly in am-
phibians, identified a number of molecular pathways active
during gastrulation and responsible for patterning the em-
bryonic axes. As a result, many of the genes revealed by
mutant analysis in zebrafish were already known in other
vertebrates. However, certain genes that play a major role in
early development, such as one-eyed pinhead and bozozok,
were not previously known. The novel homeobox gene
bozozok/dharma is required for normal formation of the
organizer, and it will be essential to determine if this gene,
and possible relatives, are conserved in other vertebrates.
Another future challenge concerns the identification of
bozozok transcriptional targets within the YSL. Examina-
tion of the bozozok mutant phenotype, however, reveals
the existence of additional gene(s) which mediate b-catenin
unction in establishing the organizer. Identification of
uch genes will constitute another great task for zebrafish
nvestigators.
Understanding how the early dorsoventral gradient of
PP/BMP activity is set up represents a major focus of
nterest, both in vertebrates and invertebrates. This article
llustrates how detailed analysis of zebrafish mutants
omplements studies in other systems and will help to
issect this complex pathway in fine detail. It is striking to
ealize that all cloned mutations affecting dorsal–ventral
atterning in zebrafish affect genes in the BMP pathway. As
hese mutants have been retained for the robustness of their
henotypes, this demonstrates that the BMP pathway must
e regulating most dorsal–ventral specific developmental
witches. In keeping with the powerful genetic analysis in
rosophila, it is possible to imagine that screens for modi-
ers of mutants in the BMP pathway will help revealing
dditional genes necessary for dorsal–ventral patterning.
Analysis of one-eyed pinhead, cyclops/squint, and
eltaA mutants underscores the importance of early signal-
ng in the organizer for midline fate specification. Previous
odels omitted these steps and proposed that midline
atterning arises after gastrulation, as a result of multidi-
ectional signaling from the notochord. These issues need
o be revisited, and work in zebrafish promises to be useful
n this area, as one can study both the timing of specifica-
ion and the origin of midline cells in normal and mutant
sh. In particular, new techniques, such as laser-activated
aged compounds, will facilitate fate mapping of midline
ells at early stages of development. Future directions will
lso include the use of GFP-transgenes to study promoter
s of reproduction in any form reserved.
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242 Kodjabachian, Dawid, and Toyamaactivity in vivo in wild-type and mutant fish and will be
seful for screens aimed at unraveling the role of specific
athways in gastrulation and axis specification.
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